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Learning the Chemical Language of 
Cell-Surface Interactions 
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Living cells have exquisite abilities to sense, respond to, and even 
remodel their surrounding environment Cell membranes bristle 
with receptor proteins, which serve as the primary conduits for 
transduction of external information into the cejl. Innumerable 
life processes, from the differentiation of embryonic cells into 
diversified tissues to the formation of memories, are governed by 
signals from cell surface receptors. In some cases, ligands for 
receptors are soluble molecules, such as hormones or neurotrans- 
mitters. Alternatively, many receptors bind surface ligands, 
which may be associated with other cells or with extracellular 
materials. 

Surface-bound ligands present an additional layer of com- 
plexity in mat collective properties of the substrate may influence 
the response of cells. For example, spatially, clustered Uganda can 
elicit a different response from that produced by a uniform distri- 
bution of the same average density (./). At another level, the 
mechanical compliance of the substrate material, which dictates 
how it will deform under forces applied by the celt is infhiential. 
Tensile forces within the cell (Z), as well as the overall cellular 
geometry (J), can modulate intracellular signaling activity, thus 
altering the cellular response to external Uganda. Such regulatory 
couplings hayc been implicated in tissue development, wound 
healing, and cancer (4, 5) . 

From a technological perspective, there is tremendous motiva- 
tion to learn how to design material surfaces mat elicit specific 
cellular responses. Beyond the perpetual need for traditional 
medical implants, other emerging applications involve the use 



Department of Chemistry, University of California, Berkeley, CA 

94720, USA. E-mail, jTCro vase ini.gov 



of substrate materials to coax cultured cells into specific modes 
of behavior. These can have utility for cell-based screens of 
pharmaceutical compounds or the development of single- 
cell-level diagnostic assays. Intriguing nonmedical applications 
include the stable integration of living cells into devices to 
allow sensing (tf, 7) or even biological energy transduction (5). 
All of this hinges on decoding, and implementing within a syn- 
thetic material, components of the chemical language through 
which cells receive information about the -surfaces they contact. 
This is a complex task, which involves the hierarchical assem- 
bly of molecular signaling ligands into materials with appropri- 
ate physical properties. Encouragingly, recent experimental 
breakthroughs illustrate the existence of accessible synthetic de- 
sign rules. 

For example, by. adsorbing the extracellular matrix (ECM) 
protein flbronectin onto surfaces displaying different chemical 
moieties, Garcia and co-workers were able to modulate its mte- 
grin-binding specificity (0). The difference proved sufficient to 
regulate cetlular functions; in this case, differentiation and 
mineralization of osteoblasts (bone-forming cells). What is in- 
spiring about this particular result is that relatively nonspecific 
chemical modifications of the underlying substrate could be 
used to toggle a highly specific balance among receptor-ligand 
interactions. More generally, this observation emerges amid a 
number of recent advances in the development of chemically 
tailored synthetic surfaces tor cellular Interfacing {10-13), 
Rapid progress at this junction between materials chemistry 
and cell biology is expanding our capabilities to engineer com- 
municative interfaces between living and nonliving systems 
(Fig. 1). 
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F?g. 1, Schematic of a hybrid interface between a living cell and a synthetic substrate. Receptor proteins on trie cell surface engage their 
corresponding Ugands, displayed within a synthetic material, on the underlying substrates. The spatial arrangements, of the signaling 
Uganda, as well as their mobility and the local Chemical microenvironrnent, all become rntegrated into the overall cellular response. 
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CeFMExtraceilular Matrix Interaction* 

Most mammalian cells receive cues required for normal 
metabolic activities from the surrounding ECM in vivo (14). 
Correspondingly, efforts to develop synthetic materials to con- 
trol cell behavior have focused on mimicking or reconstituting 
the ECM in various ways (/2, J3). Natural ECM consists of a 
fibrous mesh of proteins (including flbroncctin, laminin, vit- 
ronectin, collagens, and proteoglycans) that serves as both a 
structural scaffold and a substrate for the display of signaling 
ligsnd& Especially prominent among ECM-embedded signaling 
motifs is me Arg-Gly-Asp (ROD) tripepttde sequence, which is 
a ligand tor roughry a third of the 25 .known integrin receptor 
proteins on cell surfaces (15). Integrins are me predominant ad- 
hesion receptors responsible for cell-ECM engagement, and al- 
so participate in cell-cell interactions. Integrin binding to the 
RGD sequence is contextual, exhibiting a notable dependence on 
the RGD raicroenvtronment (id). This is, perhaps, unsurpristng 
given the large size of the integrin receptors, though the precise 
molecular determinants remain unclear. Nonetheless, various 
strategies of displaying small RGO-oontaining peptide sequences 
on synthetic surfaces have been successful in controlling the ad- 
hesion and growth of cells (17-20). 

A seemingly more natural way of rebuilding a surrogate 
ECM on a synthetic substrate might be to directly adsorb whole 
ECM proteins. However, the results of Garcia and co-workers 
illustrate how even whole ECM proteins can exhibit environ- 
mental sensitivity with respect to their iutegrin-birtdiDg speci- 
ficities (9). Self-assembled monolayers of alkanethiols were 
used to derrvatize gold substrates so that various chemical moi- 
eties (OH, NH 2 , COOH, and CH 3 ) were presented on the sur- 
face. The response of osteoblast cells m fibronectin, which had 
been adsorbed onto the surfaces, was men characterized as a 
function of the terminal surface chemistry. Through a controlled 
set of experiments, these researchers demonstrated that mte- 
grin-binding specificities for the adsorbed fibroneetjn, and ulti- 
mately cellular function, correlate with the underlying surface 
chemistry. The way m which this occurs is particularly interest- 
ing: TWo different integrins, <x 5 $i and Ovta compete for the 
RGD binding motif on the fibtonecttn. Apparently, the underly- 
ing surface chemistry alters the fibroncctto structure in a man- 
ner that shift* the balance between preferential binding of one 
or the other of these two integrins. These differences, in turn, 
arc transmitted to tbc cell and modulate osteoblastic gene ex- 
pression and mineralization, which are related to bone produc- 
tion. Thus, the cell senses the structure* of the fibronectin and 
regulates its own differentiation accordingly- Whether mis sort 
of chemical toggle switch is a common paradigm that can be 
used tn a predictive manner remains to be seen. 

A more invasive strategy to engineer cell-surface interac- 
tions involves rewiring the cellular adhesion machinery itself. 
Mrksich and co-workers used genetic manipulations to install a 
chimeric cell surface receptor with altered ligand specificity 
(21). The engineered receptor contains the intracellular and 
transmembrane domains of the p, mtegrm. From inside the cell, 
it resembles the a$Pt integrin mentioned above. However, the 
ertracellular portion of the chimera is composed of a stalk do- 
main (serving as a spacer) and terminates with a binding do- 
main from carbonic anhydrase IV (CAJV). The CAIV domain 
Selectively binds benzenesulfonamide (BzS), providing new 
specificity for the receptor. Cells expressing this modified re- 
ceptor adhered and spread selectively on substrates displaying 



the BzS ligand. The spreading behavior, in particular, required 
proper signaling from the intracellular mtegrin 3i domain, sug- 
gesting that the chimera indeed functionally signaled as an inte- 
grin receptor The modularity of this strategy is enticing; it sug- 
gests that a wide variety of differing binding specificities could 
be interchanged with the natural repertoire of intracellular sig- 
naling specificities. 

Cell-Cell Signaling 

Direct signaling between cells may represent an even more di- 
verse problem than that of cell-ECM interactions. In cell-cell 
signaling, both receptors and ligands can. reside in cell mem- 
branes, allowing for complex and active feedback from both in- 
teracting cells. This feedback can occur at many levels, from in- 
creased or decreased protein expression on the cell surfaces to 
eytoskeleton-driven spatial rearrangements of the receptors and 
ligands themselves. Neuronal synapses are widely known exam- 
ples of intercellular signaling junctions. There has been mtcrcst 
in developing synthetic interfaces between neurons and solid- 
state materials, such as semiconductor integrated electronics. 
Although there have been successes with electronic triggering 
and detection of xjcuronal action potentials (7), the prospect of 
forming a genuine neuronal synapse with a synthetic device re- 
mains distant The crux of the problem is similar to mat encoun- 
tered in cell-ECM mteractions: The necessary signaling ligands 
must be displayed within an appropriate context to direct the 
cell into the desired mode of behavior. 

One strategy of creating synthetic substrates displaying cell 
surface ligands makes use of the supported lipid membrane ar- 
chitecture (22). Lipid bilayer vesicles can spontaneously adsorb 
and ruse with certain materials, such as silica, to form a single 
continuous membrane coating on the underlying solid support 
(rig. I). The resulting supported membrane retains the lateral 
fluidity of the original membrane; proteins can be incorporated 
and displayed by this technique as well. Supported membranes 
have proven particularly useful in studies of cell-cell interac- 
tions of the Immune system (11, 23). Supported membranes 
have been made that incorporate membrane-linked forms of 
major histocompatibtlity complex (MHC) protein; loaded with 
an appropriate antigenic peptide,, along with intercellular adhe- 
sion molecule (1CAM). Such supported membranes are suffi- 
cient to Induce a living T cell to form an immunological 
synapse with the supported membrane. Striking images of the 
evolving spatial pattern of the immunological synapse have 
been obtained by this method (23), underscoring the importance 
of membrane fluidity to allow the large-scale spatial movements 
of proteins that must occur. At some levels, early stages of 
synaptogenesis and postsynaptic partner recognition in the cen- 
tral nervous system represent a similar task to that confronted 
by T cells during surveillance (24). Display of neuroligin-1 in 
supported membranes, representing the postsynaptic cell sur- 
face, has also proven sufficient to elicit the onset of synaptoge- 
nesis in cultured neurons (25). The supported membrane plat- 
form provides a promising general strategy for the reassembly 
of synthetic cell surfeccs, white retaining key material proper- 
ties such as lateral fluidity; 

Tn living tissues, cells generally make contacts with the 
ECM and with other cells. Spatially juxtaposed signals from 
different sources combine to direct the full range of cellular be- 
haviors. It is becoming increasingly , clear that the arrangement 
of signaling molecules into large-scale spatial patterns, which 
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supersede the molecular-scale clustering mentioned earlier, is a 
key aspect of cell signaling at interfaces {26), Simply changing 
a cell culture substrate from a flat surface to a three-dimension- 
al gel matrix has marked effects on cellular behavior, even elic- 
iting normal growth from cells previously exhibiting cancerous 
tendencies (4). In the case of the T cell, the changing spatial 
pattern of signaling molecule* within the synapse is thought to 
provide a mechanism to either enhance or attenuate signaling as 
needed (27). 

The spatial pattern of signaling molecules presented to cells 
may be as important as their chemical microenvironment For- 
tunately, a wide array of micro- and oanofabricaiion. technolo- 
gies, which have largely been developed for the semiconductor 
industry, can be applied to the patterning of proteins and mem- 
branes on surfaces (28-3 J). Cells readily react to spatially pat- 
terned molecules on synthetic surfaces (3, 32), and applications 
of such technologies to control and dissect signaling interac- 
tions are beginning to appear (JO, S3, 34). 

Conclusion 

The potential complexity within cellular signaling networks is 
nearly infinite. At the same time, surprisingly simple changes m 
the presentation of a signaling hgand can toggle between dis- 
crete cellular behaviors. There is a robustness to cellular re- 
sponses that is tremendously beneficial when employing syn- 
thetic materials to control cells. It may not be necessary to ex- 
actly reproduce the environment within a living organism to 
communicate to a cell. Perhaps only certain essential fragments 
of the cell's natural chemical language arc required to trigger a 
desired response. Learning what these arc is key. Recent ad- 
vances in the development of interfaces between live cells and 
synthetic materials indicate accelerating progress and are sug- 
gestive of significant growth potential at this juncture. 
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